Solvent can have significant effects on the solution thermodynamics and crystallisation kinetics of organic compounds from solution. In the present work, the early stages of aggregation of the organic molecule m-aminobenzoic (mABA) in two different solvents, dimethyl sulfoxide (DMSO) and water were studied using a combination of quantum chemistry, molecular dynamics and metadynamics simulations. Density functional theory (B97-D and M06-2X) calculations with the continuum solvation SMD model were used to probe the potential energy surface of molecular clusters of maminobenzoic acid, (mABA)n (n = 2-4), locate their low-lying energy structures, and compute the Gibbs free energies of (mABA)n in solution. Starting from a large number of randomly generated candidate structures and by imposing the condition of minimum free energy in solution for the isomers of (mABA)n, we proved that the most stable dimers and tetramers in solution correspond to the classic carboxylic dimer π−π stacking synthon found in the crystalline form-II of mABA. Molecular dynamics simulations of mABA solutions at different concentrations reveal a significant solventdependent aggregation behaviour for mABA: in water, even at low concentrations, mABA molecules spontaneously form H-bonded π-π stacking molecular clusters whereas in organosulfur solutions the molecules of mABA are in a more solvated state. Metadynamics simulations and microsolvation density functional theory calculations rationalize the low level of mABA aggregation in DMSO in terms of the energetic barrier for the desolvation of mABA molecules and formation of dimers, and the strength of mABA-solvent interactions, which are both larger in DMSO compared with water. This work shows that the solvent and its specific interaction with the organic solute molecules influence both the thermodynamics and kinetics of the molecular self-assembly process.
Introduction
In the preparation of pharmaceutical materials that require a well-defined crystal form, the phenomenon of polymorphism (the ability of a given type of molecule to crystallize in different structures) can be a threat: polymorphs can have significantly different solid-state properties and therefore different performances in materials applications, or bioavailability and stability as a drug substance. 1, 2 Consequently, one of the major challenges in the synthesis of pharmaceuticals is the selection of a particular molecular crystal polymorph during solution crystallisation. 3 It is well known from experimental evidence that the nature of the solvent, or the presence in solution of additives and impurities, can determine the formation of one specific polymorph over another. 4 In particular, several studies have suggested that during the first stages of crystallization (clustering and nucleation) the solute-solvent interactions can control the polymorphic outcome. 5, 6 As the process of molecular self-assembly to form the crystallization growth unit is significantly influenced by the interaction between the solute and solvent molecules, i.e. by the properties of the solvation environment, there is considerable interest, both fundamental and technological, in understanding how the processes of clustering, nucleation and subsequent growth of a molecular crystal are affected by the solution chemistry. 7, 8 However, even advanced spectroscopic techniques such as synchrotron radiation x-ray scattering or atomic force microscopy cannot give a complete understanding of these processes. 9 The interpretation of experimental measurements and, most importantly, the ability to predict how a new crystal phase nucleates and then grows increasingly depends on the use of computer simulations. 10 Significant work has been done in the development and application of simulation techniques to model the nucleation and growth from solution. [11] [12] [13] [14] In particular, a recent theoretical investigation has revealed a direct relation between the computed strength of the solute-solvent interaction and the experimental rate of nucleation of organic molecules. 16 This study, however, was based on static density functional theory (DFT) gas-phase calculations of microsolvated organic molecules, which do not fully account for the thermodynamic and kinetic factors affecting the aggregation of organic molecules from solution.
Aiming at obtaining a better understanding of the role of solvent in the kinetics and thermodynamics of the early stages crystallisation from solution, we have conducted a comprehensive investigation of the aggregation of maminobenzoic acid (mABA) in two different solvents, dimethyl sulfoxide (DMSO) and water, using a combination of computational methods based on quantum chemistry solvation continuum, molecular dynamics and free energy techniques.
The molecule mABA is of considerable importance in the pharmaceutical industry for the synthesis of analgesics, antihypertensives and vasodilators, but it is also a fascinating model for polymorphic research due to its ability to crystallize in five different crystal forms, whose nucleation depends chiefly on the solvent. 17 The clusterization of mABA molecules is also of interest because it can form complex mABA/mABA inter-molecular interactions, i.e. XH/O and XH/π (X = O, N) hydrogen bonds and π-π interaction, all of which are important generally during polymorph selection. Having introduced in Section 2 the details of the simulations, we next report DFT calculations of the thermodynamics of formation of the oligomers of maminobenzoic acid (mABA) n (n = 2-4. Results from molecular dynamics simulations of the aggregation of mABA in water and in DMSO are then reported, and the observed solventdependent aggregation behaviour of mABA is rationalized in terms of the free energy profile of mABA dimerization and the strength of mABA-solvent interactions.
Methods

Density functional theory calculations
Electronic structure calculations were carried out with the NWChem (version 6.3) 18 and Gaussian09 19 codes. We used the Grimme's density functional including dispersion (B97-D) 20 and the Minnesota 06 global hybrid functional with 54% HF exchange (M06-2X). 21 The Gaussian 6-31+G(d,p) basis set was used throughout these simulations as this provides a good compromise between accuracy and computational cost. [21] [22] [23] Thermal contributions were calculated at the optimised geometries using the gas-phase harmonic frequencies, which were scaled by a factor of 0.979 in order to account for systematic errors in the density functional and for anharmonicity. 24 Free energies of solvation were calculated using the SMD solvation model, 25 and the gas-phase optimized geometries.
Free energies of association in solution. The free energy of formation of carboxylic acid clusters were computed according to the following equation:
where ‫ܩ‬ * is the total Gibbs free energy of the species X (X = AB, A or B) in the liquid at 298 K, which was determined (see equation 2) by the addition of the gas-phase total electronic energy of the solute ‫ܧ(‬ ,௦ ), the vibrational-rotationaltranslational contribution to the gas-phase Gibbs free energy ‫ܩߜ(‬ ோ்,௦°) at T = 298 K under a standard-state partial pressure of 1 atm, the solvation free energy of the solute corresponding to transfer from an ideal gas at 
For multiple stationary points of a molecular cluster, the free energy was determined from the Boltzmann ensemble average
where f i is the Boltzmann factor corresponding to the i th configuration, ‫ܩ‬ሺܺ ሻ is the corresponding free energy and N is the number of low-lying energy structures located on the potential energy surface (PES) of the molecular cluster. The Boltzmann factor was determined according to
where R is the universal gas constant, T is the absolute temperature (T = 298 K) and the index j runs over all isomers.
To locate the most stable isomers of the molecular clusters (mABA) n (n = 2-4) we have adopted a modified version of a very effective computational protocol developed in our group to locate the most stable low-lying structures of weakly interacting molecular complexes: 31 1) For each m-aminobenzoic cluster (mABA) n , several hundreds of thousands of candidate structures were generated using Granada, 32, 33 a code designed to randomly distribute one or more molecules around a central unit (a monomer, dimer, trimer etc.) placed at the centre of a cube of defined side length. For example, we generated candidate structures for the trimer (mABA) 3 by considering the random distribution of one mABA molecule around the most stable dimer (the cyclic dimeric structure), and from the random distribution of two mABA molecules around a central mABA molecule. The molecular units used to generate the candidate structures were fully optimized at the M06-2X/6-31+G(d,p) level of theory.
2) Using an in-house code, only those configurations such that at least one atom of each mobile molecule was within 4 Å from at least one atom of the central unit were selected as potential low-lying energy structures.
3) The energies of these structures were evaluated at the B97-D/6-31+G(d,p) level of theory and the Boltzmann factor f i corresponding to the i th configuration was determined as
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Please do not adjust margins where E i was the energy of the i th candidate structure and E 0 was the energy of the most stable candidate structure. We then selected the candidate structures with a Boltzmann factor f i ≥ 0.01 and to increase our sampling we also selected ten to fifteen randomly selected structure such that 3 ≤ ‫ܧ‬ − ‫ܧ‬ ≤ 15 kcal mol -1 .
4) The full optimized geometries, thermochemical properties and solvation energies of the configurations selected at point 3) were computed at the M06-2X/6-31+G(d,p) level of theory. We chose M06-2X because its assessment against representative databases showed that this method is one of the most accurate density functionals for applications involving a combination of main-group thermochemistry and noncovalent interactions. 34, 35 Moreover, the application of the SMD solvation model with M06-2X to predict the free energies of aqueous solvation for 61 drug-like molecules in the SAMPL1 test set gave a mean unsigned error of only 2.0 kcal mol -1 . 36 However, M06-2X has shown small energy oscillations at distances away from the equilibrium. 37 For this reason, in the protocol discusses above the energies of the candidate structures were therefore evaluated using the B97-D functional, but the equilibrium geometries, thermochemical properties and solvation energies of the molecular clusters were computed with the M06-2X method. We have previously shown that the computational methodology used in the present study provides accurate predictions of the thermodynamic stability in solution of carboxylic acid clusters.
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DFT microsolvation modelling. The low-lying energy minima on the PES of the microsolvated zwitterionic, mABA ± (S), and non-zwitterionic, mABA(S) n , forms of m-aminobenzoic acid (S = DMSO or H 2 O; n = 1-3), were located using the following strategy: 1) Several tens of thousands of candidate conformations of the mABA(S) n and mABA ± (S) n clusters were generated using the Granada code.
2) The initial set was then reduced with a distance-based selection similar to that used for the generation of mABA molecular clusters.
3) The energy of the candidate structures and associated Boltzmann factors of each configuration were computed at the B97-D 6-31+G(d,p) level of theory. 4) For the conformations with a Boltzmann factor f i ≥ 0.01 the optimised geometries, thermochemical properties and solvation contributions were determined at the M06-2X/6-31+G(d,p) level of theory. Cluster continuum approach to compute solvation free energies. The SMD continuum model can provide accurate solvation free energies for the non-zwitterionic form of mABA: using the SMD/M06-2X/6-31+G** method the mean unsigned error in the calculated solvation free energies of carboxylic acids was only 0.25 kcal mol -1 in water and 0.55 kcal mol -1 in organic solvents. 25 In contrast, due to strong electrostatic effects arising from unbalanced charges, solvation modeling of the zwitterionic form (mABA ± ) is particularly challenging for continuum approaches. 38 To correct for these deficiencies, the solvation free energy of mABA ± was determined using the cluster-continuum model: 39 the solvated molecule (mABA ± )(S) n (n = 0 -3) was treated quantum mechanically (M06-2X/6-31+G**) and the bulk solvent was described with the SMD continuum model. According to this approach the solvation of mABA ± is given by
where Δ‫ܩ‬ ௨௦௧
‫ܣܤܣ݉‪ሺ‬‬ ± ሺܵሻ ሻ is the gas-phase free energy of cluster formation at 1 atm, Δ‫ܩ‬ ௦௩ * ‫ܣܤܣ݉‪ሺ‬‬ ± ሺܵሻ ሻ is the solvation free energy of the solvated cluster, and Δ‫ܩ‬ ௩ ሺܵሻ is the free energy of vaporization free energy of one solvent molecule. The last term was computed using the following equation:
where 
Classical molecular dynamics
Forcefield. The general AMBER forcefield (GAFF) 41 was used to model the mABA and DMSO molecules. The GAFF potential is well developed and it was previously used to compute processes of aggregation and crystal growth of organic molecules, 11, 12, 14, 30, 31 including p-aminobenzoic acid. 32, 33 Water molecules were modelled using the SPC/E potential. 42 The interactions between mABA and DMSO molecules and between mABA and water molecules were described using the GAFF potential. To derive the forcefield parameters within the framework of the GAFF, the structures and molecular electrostatic potential (MEP) of mABA and DMSO were obtained using the Gaussian09 code. The Antechamber package was then used to compute partial charges according to the restrained electrostatic potential (RESP) formalism. 43 The selection of the quantum chemistry method and basis set to compute MEP is a key aspect in RESP derivation. 44 Here, we used the HF/6-31G* method, which was the level of theory applied for the derivation of RESP charges in the Cornel et al. forcefield, 45 and successive modifications of the AMBER potential. 29, [38] [39] [40] Using this procedure, we obtained partial charges for DMSO consistent with the values reported by Dupradeau et al. 44 The GAFF forcefields and partial charges used to model mABA and DMSO are reported in Supporting Information (SI, Table SI.1.1 and SI.1.2). Simulation details. Classical molecular dynamics (MD) simulations were performed using version 5.0.4 of the GROMACS molecular dynamics package. 46, 47 The leapfrog algorithm with a time step of 2 fs was used to integrate the equations of motion. The isothermal-isobaric (constant NPT) ensemble was used to maintain a temperature of 300 K and a pressure of 1 bar. The velocity rescale thermostat and the isotropic Parrinello-Rahman barostat were used with 0.4 ps and 2.0 ps as the thermostat and barostat relaxation times, respectively. The electrostatic forces were calculated by means of the particle-mesh Edwald approach with a cutoff of 1.2 nm. A 1.2 nm cutoff was also used for the van der Waals forces. The LINCS algorithm was applied at each step to preserve the bond lengths. Simulation protocol. We performed MD simulations of mABA solutions in DMSO and water at different concentrations (see Table SI .2 in Supporting Information). Molecular models of mABA solutions were generated using the insert-molecules and solvate GROMACS utilities to insert the required number of mABA molecules in an empty cubic box of size 5 nm, and solvate them with DMSO or water. Each solution was at first minimized using the conjugate-gradient algorithm with a tolerance on the maximum force of 200 kJ mol -1 , and the temperature and volume of each system were equilibrated by running 100 ps of constant volume, constant temperature (NVT) simulation followed by 1 ns of NPT simulations. Production runs in the NPT ensemble were then conducted for tens to hundreds of ns. Details of the simulation times, number of solute and solvent molecules, and equilibrated values of the average cell length are reported in Supporting Information (Table SI. 2).
Metadynamics simulations
The free energy profile for the formation of a carboxylic acid dimer (product) from two fully solvated mABA molecules (reactant) was computed by means of the well-tempered metadynamics method. 43, 44 We generated solutions containing two mABA molecules in 945 DMSO and 4058 water molecules, respectively. The free energy calculations were performed with GROMACS 5.0.4 equipped with the PLUMED 2.2b plugin. 48 Simulations were conducted in the NPT ensemble for 10 ns. The order parameter (OP) used to study the dimerization reaction was defined as follows:
where d 1 and d 2 are the two distances between the hydroxyl hydrogen (O-H ) and the carbonyl oxygen (C=O) of a pair of mABA molecules.
Results and discussion
Equilibrium of zwitterionic and non-zwitterionic forms of mABA
The molecule m-aminonbenzoic acid can exist in both nonzwitterionic (mABA) and zwitterionic (mABA ± ) forms, which distribution in solution depends chiefly on the solvent. 49 To interpret measurements of solid-and liquid-NMR spectra of mABA, it was hypothesized that in dimethyl sulfoxide solutions, molecules of mABA are predominantly nonzwitterionic. 50 This is not an obvious conclusion because the polarity index (P') of DMSO (P' = 7.2) is higher than most other solvents, including polar protic solvents such as methanol (P' = 5.1). 51 . In order to verify this hypothesis and determine which form of mABA should be modelled in this study, we computed the microscopic constants pertaining to the zwitterionic equilibrium:
where Δ‫ܩ‬ ௭ * is the free energy for the zwitterionic equilibrium mABA mABA ± . According to Eq. 2, Δ‫ܩ‬ ௭ * is given by Δ‫ܩ‬ ௭ * = Δ‫ܧ‬ ,௦ + Δߜ‫ܩ‬ ோ்,௦°+ ΔΔ‫ܩ‬ ௦௩ *
Reliable estimates of the free energy of this reaction depend on the accurate determination of each term in Eq. 10, but when the species involved in the equilibrium are ionic then the accurate evaluation of the solvation free energy term (ΔΔ‫ܩ‬ ௦௩ * ) becomes particularly critical.
28 Table 1 reports the solvation free energies of mABA ± computed according the cluster continuum approach (see Eq. 6) using up to three explicit DMSO solvent molecules in the microsolvated mABA ± (S) n model. The most stable structures of the mABA ± (DMSO) n clusters are displayed in Figure 1 . The energetics of the zwitterionic equilibrium mABA mABA ± (see Eq.10) are listed in Table 2 . The solvation term ΔΔ‫ܩ‬ ௦௩ * is given by the difference between the solvation free energies of mABA ± (-62.72 kcal mol-1) and mABA (-11.29 kcal mol-1, SMD/M06-2X/6-31+G(d,p) level of theory), whereas the gas-phase energy contribution was computed using different density functionals (PBE, B3LYP, M06-2X) and at the ab initio MP2 level . All methods agree that the free energy of the zwitterionic equilibrium mABA mABA ± is positive (between 7.2 and 9.5 kcal mol-1), supporting the hypothesis made by Hughes and co-workers that in DMSO solutions molecules of mABA principally exist in the non-zwitterionic form. 50 In water and at room temperature conditions mABA has been reported 50% in zwitterionic form (mABA±).52,53 However, since in the present work we are mostly concerned with the role of solvent in the aggregation of organic molecules, we have reduced the complexity of the system by focusing our attention to the aggregation of the non-zwitterionic form mABA from water and DMSO, and we have omitted from our models the presence of mABA ± in aqueous solutions. Computer modelling of mixed mABA/mABA ± solutions will be subject of future work. Role of solvent in the energetics of mABA clusterization Table 3 reports the energies and free energies for the formation, in the gas phase and in solution, of mABA clusters consisting of two (dimer), three (trimer) and four (tetramer) molecular units. Molecules of mABA can interact via Hbonding, π-π interactions, and NH/π and OH/π interactions. Consequently, for each (mABA) n there can be several low-lying energy isomers, which would be difficult to locate only by means of chemical intuition. For each (mABA) n cluster, the values in Table 3 represent the Boltzmann average of the energies, or free energies, of the most stable isomers located using the computational protocol outlined in the "Methods" section. Dimers. Dimers are the first species that could form in solution during the molecular aggregation process, and there has been much debate on the link between the most populated dimers in solution and the structural motifs in polymorphs. 5 Figure SI .2.1), which were classified into 12 possible isomers on the PES of (mABA) 2 (see Figure 2) . The energetics of formation of each type of dimer are reported in Supporting Information (Table  SI. 3.2). The classic carboxylic acid dimer I is the most stable dimer in both the gas-phase and solution. In particular, the formation of the cyclic dimeric structure I is highly exoergonic ‫ܩ∆(‬ ௦௦ * =-3.40 kcal mol -1 ) in DMSO compared with water ‫ܩ∆(‬ ௦௦ * =-0.18 kcal mol -1 ). For all other dimers (II-XII in Figure 2 ), where the mABA molecules interact via other types of Hbonding (e.g., NH 2 ···OH) or weaker π−π, OH/π and NH 2 /π interactions, the energetics of formation is positive in both water and DMSO (see (Table SI. 3.2). Therefore, according to our calculations, m-aminobenzoic acid molecules form thermodynamically stable cyclic carboxylic dimers in DMSO. These species correspond to the structural synthon found in the crystal structures II and V, the polymorphs where mABA exist in the non-zwiterionic form. Figure 3 represents the coexistence profile of the free acid monomer, mABA, and dimer, (mABA) 2 , in DMSO computed using the monomer-dimer model of Krishnan and co-workers to quantify the stoichiometric concentration of monomers and dimers in solution: Table 2 ). According to our static DFT calculations, none of the other Hbonded clusters is stable in DMSO. However, higher-order molecular clusters than dimers could also be stable in solution.
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Trimers. We modelled the formation of trimers (mABA) 3 in solution from the condensation reaction of the cyclic dimer I with a mABA molecule [(mABA) 2 + mABA → (mABA) 3 ] and the condensation of three isolated mABA molecules [3 mABA → (mABA) 3 ] (see Table 3 ). The optimised geometries and energetics of the 10 located low-lying (mABA) 3 structures are listed in Supporting Information (Table SI. 3.1-SI.3.2) and a schematic representation of the most stable trimer is reported in Figure 2 , which consist of a classical carboxylic dimer interacting via two NH···O and NH−π hydrogen bonds with another mABA molecule. In solution, the Boltzmann averaged values of the free energy of the trimerization reaction [ Tetramers. For the tetramers, we determined the structures and free energies of the most stable low-lying isomers of (mABA) 4 (Table SI. 4.1-SI. 4 .2) from approximately 1500 candidate structures of type (mABA) 4,(D+D) , that is, tetramers generated from the aggregation of two cyclic dimers I. In fact, we verified that tetramers of type (mABA) 4,(D+D) are significantly lower in energy than tetramers of type (mABA) 4,(D+2M) , that is, tetramers generated from the aggregation of dimer I with two isolated mABA molecules. A schematic representation of the most stable tetramer is reported in Figure 2. (mABA) 4 consist of two dimeric units arranged in a stacked configuration, which promotes the stabilization of the tetrameric structure by allowing the formation of both H-bonding and π−π interactions between pairs of m-aminobenzoic acid molecules. The energetics of formation of (mABA) 4 in Table 3 indicate that in DMSO, where mABA molecules form stable classic carboxylic species, the aggregation of two dimers [(mABA) 2 + (mABA) 2 → (mABA) 4 ] is endoergonic (+2.06 kcal mol -1 ). On the other hand, the formation of (mABA) 4 could result from the condensation of carboxylic dimer with two mABA monomers [(mABA) 2 + 2 mABA → (mABA) 4 , -1.36 kcal mol -1 ], and in water, where both aggregation free energies are negative (see Table 3 ). Therefore, starting from a large number of randomly generated candidate structures and by imposing a minimum free energy condition for the isomers of (mABA) 4 , we were able to locate the most stable tetrameric species in solution. Figure 4 highlights the correspondence between the most stable tetramer and the π−π stacking crystal synthon found in form II of mABA. 17 Consequently, the transfer of structural information from the solution-to the solid state-phase is not only related with the presence in solution of stable carboxylic acid dimers, 5,13,23 but the higher-order prenucleation clusters 
Role of solvent in the kinetics of mABA aggregation
The quantum mechanical continuum calculations reported above describe the solution thermodynamics of the process of mABA cluster formation with respect to infinitely separated mABA molecules, but ignore intermediate process such as separation of solute-solvent molecules and diffusion of solute molecules across the solution, which come before the aggregation step. formation of π−π associated clusters, whereas in DMSO the molecules of mABA are present in a more solvated state; the level of clusterisation in water is therefore significantly larger than in DMSO. For the DMSO solutions, extending the simulation period to values larger than 200 ns did not results in a significant increase of the level of aggregation and we could not observe the formation of the thermodynamically stable cyclic dimer I that was predicted by DFT solvation continuum calculations (see Table 3 ). We have quantified the level of aggregation of mABA in water and DMSO by computing, every 10 ps, the number of mABA pairs within 3.5 Å (Figure 6 ) and the number of hydrogen bonds between mABA molecules (Figure SI aqueous solutions the average number of pairs in water are approximately 50 % and 130 % higher than in DMSO, respectively (see Figure 6 ). Notice also the small temporal fluctuations of the number of mABA pairs in DMSO (after 200ns) with its equivalent concentration in water (after 10 ns), which indicates that the clustering of mABA in water is still progressing and is likely to be considerably higher than the one reported in Figure 6 and Figure Free energy profile of mABA dimerization in DMSO and water Figure 7 shows free energy profile for the dimerization of mABA in DMSO and water. In DMSO, the carboxylic dimer I (A in Figure 7 ) is stable with respect to highly separated (40 Å) mABA molecules and thermodynamically more stable than in water, in agreement with the DFT values for free energies of dimerization (see Table 3 . As these two units are brought together during the metadynamics simulations, the free energy profiles in DMSO and water have significant differences even at large distances between the mABA molecules, which indicates a different desolvation behaviour of mABA in the two solvents. In particular, the formation of (mABA) 2 goes through two highly solvated intermediate states, D and C, and an activated state B.
In aqueous solution, the formation of (mABA) 2 is less thermodynamically favourable than in DMSO, in agreement with the quantum mechanical continuum calculations (see Table 2 ), but the free energy profile of mABA dimerization has a significantly lower energy barrier. On the other hand, in DMSO the activation free energy required for the formation of the mABA classic carboxylic dimer (3 kcal/mol) is approximately half the activation free energy in water and significantly larger than kT (0.593 kcal mol -1 at 300K), which rationalizes the absence of classic carboxylic acid dimers during unbiased MD simulations in DMSO solutions (see Figure  5 ). We have also computed the free energy profile with respect to the carbon (C=O) carbon (C=O) distance of two mABA molecules (Figure SI.6.1). This order parameter leads to the formation of an H-bonded π-π dimer. In DMSO, the activation free energy is approximately 3.5 kcal mol -1 whereas in water the formation of a π-π dimer is almost barrier-less, in agreement with the spontaneous formation of π-π clusters observed during unbiased MD simulations. These results confirm that explicit solute-solvent interactions, which are critical during the process of mABA desolvation, control the kinetics of molecular dimerization from solution and, consequently, also the formation of larger pre-nucleation clusters. Free energy profiles for the m-aminobenzoic acid dimerization in water and DMSO. The order parameter (OP) used to study this reaction was defined by averaging two distances between the hydroxyl hydrogen and carboxyl oxygen of a pair of mABA molecules. A, B, C and D represent the structure of the microstates along the OP trajectory determined using the METAGUI computational tool.
57
Quantification of the strength of mABA-solvent interaction
The observed differences in the aggregation of mABA clusters in aqueous and organosulfur environments can also be rationalized in terms of the strength of mABA-solvent interaction. We used as descriptors the energy (∆ ) and free energy(ઢ ) of solute-solvent clustering process,
and the successive solvent binding energy (ΔE inc )
In Eq. 13-15, E and are the gas-phase energies and gasphase free energies of the solvated cluster [mABA(S) n ], solute (mABA) and solvent (H 2 O or DMSO), which values were computed at the M06-2X/6-31+G(d,p). The structures of the low-lying structures of mABA(S) n (n = 1-3) were determined using the computational protocol mentioned in the computational section starting from tens of thousands of candidate structures. The energetics of binding and successive binding are reported in Table 4 . For comparison, the solvation free energies of mABA in water and DMSO computed at the SMD/M06-2X/6-31+G(d,p) level of theory are -10.97 and -11.29 kcal mol -1 , respectively.
The energetics in Table 4 are in agreement with the results from metadynamics simulations: the clustering energies and free energies of mABA with DMSO are substantially larger (up to 10 kcal mol -1 ) than with water. The energy required to desolvate mABA, which is related with the specific strength of the solute-solvent interaction, is therefore a crucial factor in determining the level of clusterization, and subsequent growth, of mABA in water and in DMSO. This result also supports what previously suggested by Rasmuson and coworkers that the strength of the solute-solvent molecular interaction is directly related with experimental rate of nucleation of organic molecules from solution.
16 
Conclusions
Extensive computational chemistry simulations based on density functional theory (DFT), molecular dynamics and metadynamics methods have revealed the role of solvent in the kinetics and thermodynamics of aggregation of maminobenzoic acid (mABA) molecules in aqueous and organosulfur (DMSO) solutions.
DFT calculations with a continuum model to describe the solvation environment were used to probe the potential energy surfaces of molecular clusters of m-aminobenzoic acid, (mABA) n (n = 2-4), locate the low-lying energy structures of (mABA) n , and compute their Gibbs free energies in water and DMSO. Starting from a large number of randomly generated candidate structures and by imposing the condition of minimum free energy in solution for the isomers of (mABA) n , we proved that the structure of the most stable dimer and tetramer in solution correspond to the classic carboxylic dimer π−π stacking synthon found in the crystalline form-II of mABA. Consequently, the transfer of structural information from the solution-to the solid state-phase of mABA is not only related with the presence in solution of stable carboxylic acid dimers, but also to higher-order prenucleation clusters (mABA) 4 , which could also direct the nucleation process towards the formation of the polymorphic form II of mABA.
Molecular dynamics simulations of mABA solutions show a significant solvent-dependent behaviour for the aggregation of mABA molecules in solution. In aqueous solutions, even at relatively low concentrations, mABA molecules spontaneously form H-bonded π-π stacking cluster, whereas in organosulfur solutions the molecules of mABA are in a more solvated state and high concentrations of mABA are required to observe appreciable levels of solute mABA aggregation. We could not observe however the formation of the stable dimeric and tetrameric species predicted by DFT calculations.
Calculation of the free energy profile for the mABA dimerization using metadynamics simulations shows that in DMSO solutions mABA molecules have a higher barrier associated with the diffusion and desolvation of mABA, which are necessary and pre-requisite steps for the aggregation of organic molecules from solution to occur. In particular, the formation of (mABA) 2 in DMSO has an activation barrier that is twice the one in water, and much larger than the value of kT at 300 K. This rationalizes the observed low level of aggregation of mABA in DMSO solutions compared with water. DFT calculations of the energy and free energy of formation of microsolvated mABA clusters, mABA(S) n , agree with the results of metadynamics simulations and show that mABA-DMSO interaction is substantially larger (up to 10 kcal mol -1 ) mABAwater interaction. It is well known that during the crystallization of inorganic crystals such as magnesite (MgCO 3 ) or calcite (CaCO 3 ), the desolvation of the building units, and particularly of the cations, 78, 79 can be rate-determining. The computational results obtained in this study suggest that the early stages of crystallization of organic crystals can be significantly influenced by the desolvation of mABA molecules in solution: the solvent and its specific interaction with the organic solute molecules influence not only the thermodynamics of aggregation but also the rate of desolvation in DMSO compared with water, which limits the extend of mABA self-assembly process in DMSO. This result could have implications for the computational methods that can be employed to model the crystallization of organic molecules from solution: approaches based on a continuum description of the solvent to describe the thermodynamic stability of the molecular aggregation, 31 or iterative methods where solvent molecules are excluded during the aggregation step, 65 cannot quantify the desolvation of molecules and could therefore overlook rate-determining processes such as desolvation of the building units in homogeneous nucleation or desolvation of the surface during surface growth.
